The mountain gap flow characteristics in and around the Chisapani mountain gap of Karnali River basin has been numerically simulated using the Weather Research and Forecasting (WRF) model to understand its spatial and temporal characteristics and its implications. The model was initialized with NCEP initial and boundary conditions to carry continuous integrations 168 long hours to identify the general flow field during early springtime. The river valley accumulates channels and flushes a narrow jet stream of about 10 ms -1 in speed and 500 m in its depth into the vast southern plain via Chisapani mountain gap during night and morning time whereas in the afternoon, the mountain feeds up-valley wind of about 4 ms -1 from the southern plain up into the Karnali River basin.
INTRODUCTION
Thermally driven circulations develop regularly in mountainous terrain from existing temperature gradient in air masses if large scale flows are weak or absent (Whiteman 2000) . These winds have decisive impact on local weather and microclimate affecting human life and the environment. These thermally driven winds can significantly enhance air pollution transport and dispersion (Hanna & Strimaitis 1990 , Banta et al. 1997 , Raga et al. 1999 , Whiteman, 2000 , Alexandrova et al. 2003 , Kitada & Regmi 2003 , fire propagation (Whiteman 2000) , the formation of fog and convective precipitation (Smith et al. 1997) , noise propagation (Heimann & Gross 1999) , and wind energy potential (Sturman 1987) . The rich literatures on thermally driven wind system can be found in Defant (1951) , Flohn (1969) , McGowan and Sturman (1996) and Whiteman (2000) . However, in the context of Nepal Himalaya where topographic undulations are very high, only a few studies that deals with the thermally wind systems in local scale are reported (Egger et al. 2000 , Zängl et al. 2001 , Kitada & Regmi 2003 , Regmi et al. 2003 , Regmi, 2013 , Acharya et al. 2014 , Regmi 2014 .
Karnali river valley is elongated and irregularly distributed valley extending from northwest to southeast, which is elevated at about 400 meters above mean sea level (AMSL). The characteristics terrain feature of the valley is the long chain of mountain ridges extending from northwest to southeast (hereinafter, LM ridge) whose average height is about 1000 meters. The LM mountain ridge acts as natural barrier walls for low-level air masses. The barrier wall has cleft forming into major mountain gap near Chisapani, (hereinafter Chisapani gap) along which the river Karnali flows downwards to the south. The river valley also sees maximum mountain crest height of 1800 meters to its north and the east within the study area. The Chisapani gap together with several other minor mountain gaps in LM mountain ridge allows channeling of air mass between southern plains and Nepal Himalayas. The Chisapani Gap is said to be very windy and there has been much talk on exploiting prevailing wind resource for large-scale wind power generation. However, significant studies are not seen from this area. In this paper, we will present the diurnal variation and spatial distribution of wind in and around the Chisapani Gap in early springtime as revealed by numerical simulation of local flows using a meso-scale meteorological model.
METHOLODGY
WRF Modeling System version 3.4.1 (Michalakes et al. 2001 , Skamarock et al. 2008 ) was configured for a triply nested two way interacting mesh having 52 x 52 horizontal grid points for outermost and inner domains with 9 and 3 km 2 grid sizes, respectively, whereas the inner most domain was designed for 70 x 70 grid points of horizontal grid size 1 km 2 . For each of these domains 35 vertical levels were assigned. The lowest vertical level was set at 27 meters above the ground and the model top was set at 50 hPa pressure level. All the three domains were centered at Chisapani, the southernmost confluence of Karnali River in Mid-Western Nepal.
A 168 hours long simulation was performed initializing with 6 hourly meteorological data from National Centers for Environmental Protection (NCEP) at the horizontal resolution and the 24-categories land use and 30 second terrain elevation data by United States Geological Survey (USGS) for the period of 0000 UTC 12 March 2013 to 0000 UTC 19 March 2013. The first 24 hours simulations were discarded to allow for model spin-up period. The physics options/schemes used in this calculation include WSM 3-class simple ice as microphysics parameterization, Unified NOAH land-surface, YSU Planetary Boundary Layer, RRTM long wave radiation schemes, and Dhudhia short wave radiation schemes etc. for all the domains whereas the Kain-Fritsch convective parameterization scheme was turned on only for coarse domain. The simulated result of 16 March 2013 has been chosen to describe evolution of diurnal wind in the Karnali river valley during early springtime.
RESULTS
Based on the experience of simulating wind systems over the middle hills of Nepal Himalaya in different parts of the country, we are encouraged to conclude that middle hills of Nepal Himalaya possesses very strong diurnal periodicity in local flows during winter and spring season. Like in other parts of the region, the Chisapani area as well executes very strong diurnal periodicity of local flows, i.e., there is little day-to-day variation and almost the same wind pattern has been predicted for this area during simulation period if we exclude the spin-up hours for the model (the first 24 hours of simulation). Among the days of simulation, we have chosen the day of 16 March 2013 for the discussion of diurnal wind characteristics over the Chisapani area as the representative day. Unavailability of observed wind data prevented us to appreciate validation of model predictions with observation. Given the reliable prediction made with WRF over extreme terrains of Nepal Himalaya compared to the present one (Regmi & Maharjan 2013 , Regmi 2014 , Regmi 2013 , Zängl et al. 2001 , present simulation can be expected to be not much deviated from the reality and local people of the area are happy with the model predictions.
Evolution of surface wind
The near surface wind over the Karnali river valley, particularly, over the Chisapani Gap is discussed using the simulated horizontal wind from finest domain with 1 km horizontal grid resolution. The river valley receives the downslope winds from surrounding elevated hills and LM ridge throughout the nighttime (Fig. 2a-b) . Similarly, the Chisapani gap organizes the strong outward gap flow, a narrow jet, whose speed may exceed 10ms -1 . This narrow jet flushes down into the vast southern plain that may encroach deep into the plain and beyond the Nepal territory. 
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The jet flow generally appears to extend 10 to 20 km downstream. The narrow jet flow further flanked by weaker anti-cyclonic and cyclonic eddies in the west and southwest, respectively (Fig. 2a) . Likewise, Bardia National Park receives the strong downwind of about 7ms -1 from the adjacent mountain ridges.
As morning progresses, the downslope winds over the mountainous areas weaken and hence the valley areas gradually tend to assume calmness. However, the narrow jet at Chisapani Gap persists and flushes into the southern plain but the nose of the jet turns left just at the Nepal-India border area (Fig. 2b-c) . The anticyclonic deflection of gap wind noses have been reported in other parts of the world, particularly, when strong gap wind flushes into the oceans (Parmenter 1970 , Stumpf 1975 , Legeckis 1988 , Schultz et al. 1997 , Steenburgh et al. 1998 . Anticyclonic deflection of gap wind over flat land surface is, thus, of particular interest and is worth to explore further since such phenomena, to the best of our knowledge, has not been reported so far. Clarke (1988) argues that anti-cyclonic flow curvature result from the Coriolis acceleration.
Cross sectional plots along mainstream of the narrow jet (not shown) suggests that the jet flow channeling through Chisapani Gap is about 500m deep and the intensity of wind at gap entrance is rather weak compared to that at the exit in consistence with the research findings on the nature of the gap flows in Alpine valleys (Flamant et al. 2002 , Overland 1984 , Scorer 1952 , Dorman et al. 1995 and also in Chivela Pass (Steenburgh et al. 1998 ).
The afternoon is marked by the reversal of wind flow at Chisapani Gap, i.e, mountain gap drives and feeds winds up into the Karnali River corridor from the southern plains. Thus intruding wind through the Chisapani Gap gets bifurcated at Tatopani and once again occurs at Ghatgaun (Fig. 2d and Fig. 1, for locations) . The upvalley wind channeled by Chisapani Gap up into the Karnali River valley appears to be almost half in its speed compared to the night and morning time downvalley wind. The difference in up-and down-valley wind system appears to be exactly opposite to the nature of the up-and down-valley wind system over the Kali Gandaki valley in Mustang where the speed of daytime up-slope wind is as much as five times higher than the nighttime down-valley wind speed (Regmi 2014 , Zängl et al. 2001 . The flow pattern discussed above may persist until the evening with gradual decrease in its speed. As the evening progresses, the area in and around the Chisapani Gap becomes calm and then initiates the downslope winds (Fig. 2d) imitating the same pattern discussed earlier for nighttime thereby showing strong diurnal periodicity in the local flow pattern over the area.
CONCLUSIONS
The high-resolution numerical prediction of local flows in and around the southernmost confluence of the Karnali River valley has been made to understand the characteristic of the gap flow at the Chisapani mountain gap and its spatial and temporal distribution. The Karnali River valley generally remains calm during morning time with weak downslope wind in its surrounding mountains slopes. However, very strong gap wind prevails over the Chisapani mountain gap during night and morning time whose speed may remain more than 10ms -1 , particularly, during the late morning time. The Chisapani mountain gap channels a narrow jet stream of depth 500 m and flushes down into the vast southern plain often churching beyond the Nepal-India border. The jet stream may undergo anti-cyclonical turning while proceeding downstream. In the afternoon, the Chisapani mountain gap pumps up the up-valley wind from the southern plain but with speed almost half of the nighttime downslope wind. The Chisapani mountain gap flow appears quite reverse to the flow pattern over the Kali Gandaki valley in Mustang in the sense that Kali Gandaki valley pumps up an extra ordinarily high (close to 20 ms -1 ) up-valley wind in the afternoon whereas nighttime downslope wind as much as 5 times lesser than the daytime up-slope wind.
The study has highlighted the necessity of detail study on evolution and dynamics of gap outflow over the mountain gap like at Chisapani of Karnali River valley distributed in the middle hill region of Nepal.
